Abstract. The present study assessed the effects of abrasion, salivary proteins, and measurement angle on the quantification of early dental erosion by the analysis of reflection intensities from enamel. Enamel from 184 caries-free human molars was used for in vitro erosion in citric acid (pH 3.6). Abrasion of the eroded enamel resulted in a 6% to 14% increase in the specular reflection intensity compared to only eroded enamel, and the reflection increase depended on the erosion degree. Nevertheless, monitoring of early erosion by reflection analysis was possible even in the abraded eroded teeth. The presence of the salivary pellicle induced up to 22% higher reflection intensities due to the smoothing of the eroded enamel by the adhered proteins. However, this measurement artifact could be significantly minimized (p < 0.05) by removing the pellicle layer with 3% NaOCl solution. Change of the measurement angles from 45 to 60 deg did not improve the sensitivity of the analysis at late erosion stages. The applicability of the method for monitoring the remineralization of eroded enamel remained unclear in a demineralization/remineralization cycling model of early dental erosion in vitro.
Introduction
Multiple chemical and physical reactions occur during the lifetime of the enamel surface of teeth. One of them is the dissolution of dental hard tissue by acids of nonbacterial origin, which leads to dental erosion. Although intrinsic 1 (gastric) and extrinsic (dietary) 2 acids are considered to be the main causes of dental erosion, it is typically the interplay of numerous factors, such as abrasion, attrition, flow rate, and properties of saliva, and tooth susceptibility to dissolution that all contribute to the erosion process.
Generally, initial demineralization results in the softening of the originally hard enamel. 3 This softened enamel layer is highly vulnerable to abrasion and can be easily removed by tooth brushing. 4, 5 Persistent acidic impact induces further demineralization and contributes to a gradual loss of the enamel tissue. 6 The softened layer has the potential to be partially remineralized, thus the erosion progression can be slowed down thereby postponing the need for dental intervention. Therefore, early diagnosis is important to prevent erosive tooth wear. Unfortunately, currently used visual diagnosis does not permit detection of minor tooth changes at the early phase of dental erosion. 7, 8 Only at late stages, when the extent of tissue loss results in the alteration of tooth shape, appearance, and optical properties are the erosive wear and progression revealed. Often, significant erosive tooth wear induces tooth hypersensitivity and requires expensive restorative therapies. 9 To improve the situation, much attention has been given to the development of new techniques, [10] [11] [12] [13] [14] [15] which provide a quantitative assessment of dental erosion. Among the different varieties, optical diagnostic tools have certain advantages due to their noninvasive and nondestructive evaluation of dental tissues, and fast signal acquisition and data analysis. For example, a fiber optic backscatter spectroscopic sensor was successfully applied to monitor in vitro enamel demineralization and remineralization. 16 Thomas et al 10 used another fiber optic setup to monitor change of the diffuse reflection spectra after demineralization of enamel and dentine samples. However, the authors concluded that the diffuse reflection signal had a low sensitivity for enamel etching. Similar observation of the low sensitivity of the diffuse reflection intensity toward enamel erosion was reported in our previous publication. 17 Additionally, it was found that the diffuse reflection signal had higher tooth-totooth variability compared to the intensities of the specular reflection. 17 The latter can be due to a natural complexity and inhomogeneity of the sound and eroded enamel. Several publications addressed absorption coefficients, 18 scattering anisotropy, 19 and angular scattering distributions 20 in the sound enamel as well as the effects of the wavelengths and tissue orientation (to the light source) on its scattering properties. Different diffusion theory models were also developed to determine the optical parameters of healthy tissue. 21, 22 However, enamel roughness and porosity increases during erosion progression resulting in alteration of its optical properties. Several models were proposed to study the interaction of optical waves with rough surfaces 23, 24 but it is still difficult to predict these interactions in tissues at different degrees of the erosion progression. Previous experimental results showed no wavelength dependence of the increase of the diffuse reflection during erosion progression in the range of 400 to 800 nm. 17 No impact of the wavelength (400 to 800 nm) was also found in case of the specular reflection intensity. However, it was specular reflection that changed dramatically already after the first seconds of erosion. 17 Thus, enamel demineralization for only 30 s in citric acid (0.65%, pH ¼ 3.6) resulted in a 40% loss of specular reflection. 17 A strong correlation was found between a decrease in specular reflection intensity and an increase in enamel surface roughness during erosion progression. 17 The reported in vitro study was a first attempt to develop a fast, simple, and sensitive optical technique for quantitative diagnostics of early dental erosion.
To make the next step in the development of this method for clinical application, the present authors considered different factors that might affect the reflection signal from dental surfaces in vivo. Because the intensity of the specular reflection was mostly affected by the surface roughness of the enamel tissue, 17 abrasion of teeth was regarded as an important parameter that could not be excluded from the analysis. Moreover, dental tissues can be remineralized by saliva and salivary proteins that are constantly present on the enamel surface of teeth as a continuous layer called the salivary pellicle. This layer is permanently renewed by the fresh portion of secreted proteins derived from the salivary flow and could have a potential effect on the reflection signal from the underlying enamel tissue. Hence, the impact of the pellicle layer on the optical measurement of enamel was also addressed in the present study. To differentiate between the contribution of the pellicle layer and the remineralization effect of the saliva in general, additional remineralizing mineral solution having no proteins but the same pH and calcium-to-phosphate ratio (Ca∕P) as human saliva was introduced into the study design. To mimic the clinical conditions as closely as possible, the study was performed with human extracted teeth and human pooled saliva as a natural remineralization source. O, ≥99.5%, Merck), sodium hydroxide (NaOH, ≥99.5%, Merck), sodium hypochlorite (NaOCl, ≥99.5%, Merck), and hydrochloric acid (HCl, ≥99.5%, Merck) were used to prepare the corresponding solutions. A calcium standard solution (Titrisol®, Merck) was used for the preparation of calibration standards for atomic absorption spectroscopy.
Preparation of human enamel specimens
All enamel specimens (n ¼ 184) were prepared from caries-free human molar teeth extracted by dental practitioners in Switzerland. Before the extraction, the patients were informed about the use of their teeth for research purposes and consent was obtained. All teeth were stored in 1% chloramin T trihydrate solution after the extraction. Teeth crowns were separated from the roots using Isomet® Low Speed Saw (Buehler, Düsseldorf, Germany) and coated by red nail polish for determination of the exposed enamel area. The buccal sites of the specimens were embedded into the resin (Paladur, Heraeus Kulzer GmbH, Hanau, Germany) in two planar parallel moulds. The thinner mould (200 μm thick) was removed while the teeth in the thicker one (7.5 mm thick) were serially abraded under constant tap water cooling using Knuth Rotor machine (LabPol 21, Struers, Copenhagen, Denmark) with silicon carbide paper discs of grain size 18, 8, and 5 μm, 60 s each. The embedded enamel blocks were taken out of the molds before being polished for 60 s with 3 μm diamond abrasive on Struers polishing cloth under constant cooling (LaboPol-6, DP-Mol Polishing, DP-Stick HQ, Struers, Copenhagen, Denmark). Between two polishing steps and after the final polishing, all slabs were ultrasonicated for 1 min in tap water and rinsed. Thus, all prepared specimens had a flat ground enamel area with a 200 μm cut off layer. Samples were stored in a mineral solution (1.5 mmol∕l CaCl 2 , 1.0 mmol∕l KH 2 PO 4 , 50 mmol∕l NaCl, pH ¼ 7.0) 25 and underwent further polishing with a 1 μm diamond abrasive (60 s, LaboPol-6, DP-Mol Polishing, DP-Stick HQ, Struers, Copenhagen, Denmark) immediately before the experiment.
Human pooled stimulated saliva
Paraffin-wax-stimulated saliva from 25 healthy donors was collected into ice-chilled vials, pooled, and centrifuged (4000 × g∕4°C∕15 min). The supernatant was collected for the experiment and stored at −80°C between experiments. Each defrosted saliva portion was transparent, had a pH of 7.80 AE 0.03 and calcium (Ca 2þ ) content of 1.25 mM.
Preparation of the mineral solution
The following salts were dissolved in deionized water: CaCl 2 · 2H 2 Oð1.25 mMÞ, KH 2 PO 4 ð5.43 mMÞ, NaCl (6.51 mM), and KCl (14.95 mM). The pH of the obtained solution was adjusted to 7.4 by addition of HCl (1N). The Ca∕P ratio of the prepared mineral solution was 0.23. A lowering of the pH value to 7.4 was performed to avoid precipitation of salts that was observed at pH ¼ 7.8 (pH of the applied human saliva).
Methods

Removal of the salivary pellicle from the enamel surface
Enamel specimens incubated in human saliva were subsequently rinsed under constant agitation (70 U∕ min, Salvis, Reussbühl, Switzerland) for 30 s in 5 mL of aqueous 3% NaOCl solution (group 3, experiment 2) to remove the salivary pellicle layer before the reflection analysis (Fig. 1) . Afterward, samples were rinsed with deionized water (20 s) and dried with oil-free air (5 s).
In vitro enamel erosion
In experiment 1, erosive conditions identical to a previous study 17 were applied in order to be able to compare the results. The prepared enamel specimens were immersed in 30 mL of citric acid (0.65%, pH ¼ 3. Samples were removed from acidic solutions, rinsed with deionized water (20 s), and dried with oil-free air (5 s). In experiment 2, enamel samples were incubated in 30 mL of citric acid (1%, pH ¼ 3.6) at 30°C for 1 min. Then, the samples were rinsed with deionized water (20 s) and dried with oil-free air (5 s). Here, 1% citric acid was applied (experiment 2) as many other studies [26] [27] [28] in the field use the same erosive conditions, thus the results could be compared.
Abrasion of the enamel surfaces by tooth brushing (in vitro)
Automatically controlled tooth brushing of the enamel samples was performed on the brushing machine (Syndicad Ingenieurbüro, München, Germany). Twenty strokes with a load of 200 g (Trisa Ultra® toothbrushes, Triengen, Switzerland) were applied at the same frequency to each sample in tap water. After brushing, the specimens were rinsed with deionized water and dried for 5 s with oil-free air.
Remineralization procedures (experiment 2)
Enamel samples were remineralized in pooled human saliva (groups 2 and 3), or in the mineral solution (group 4). Accordingly, enamel specimens were incubated for 1 h at 25°C either in pooled human saliva (see Sec. 2.1.3) or in the mineral solution (see Sec. 2.1.4), gently rinsed in fresh portions of deionized water (3×, dip-and-rinse) and left to dry at room temperature.
Spectral resolved reflectometer and measurements of the reflection intensity (I)
Identical device setup, measurement procedure and data analysis were applied in the present study as described before. 17 A switch between 45 and 60 deg angles of incidence and reflection was performed by moving and fixing the illumination and measurement arms (Fig. 2) . The intensity of the reflection was measured at 45 and 60 deg angles of incidence and reflection in experiment 1 and only at a 45 deg angle in experiment 2. The reflection spectra were collected in the full wavelength range, i.e. 400 to 800 nm. Data analysis was performed at the 780 nm wavelength according to the previous study. 17 A 100% reflection intensity was assigned to the noneroded enamel surfaces. The reflection intensity in the eroded (I e ) enamel samples was calculated according to the equation
where I t is the specular reflection intensity measured in the enamel sample eroded for time t, I 0 is the reflection signal from the same polished enamel sample before erosion, and I offset is the reflection signal due to the ambient light (all measured at the same angles of incidence and reflection). This data analysis was performed for the results obtained in the erosion experiments 1 and 2. The reflection intensity in abraded eroded enamel (I ae ) was calculated according to the similar equation:
where I ta is the specular reflection intensity measured in the enamel sample eroded for time t and subsequently abraded.
2.2.6
Analysis of calcium release from the enamel tissue, calculation of the exposed enamel surface area, and measurement of enamel surface roughness
The same procedures, parameters, and instruments were used for calcium analysis in the acidic solutions (atomic absorption spectroscopy), determination of the enamel surface area, and measurement of the enamel surface roughness (confocal point sensor) as published before. 17 Briefly, the roughness of teeth was measured before and after erosion and abrasion (experiment 1). The change in roughness after erosion and abrasion was defined for each sample as ratios R e ∕R 0 and R ae ∕R 0 , respectively, where R e and R ae are roughness values after erosion and abrasion, respectively, and R 0 is the original roughness of the sound polished enamel sample.
Scanning electron microscopy
Representative specimens were mounted on aluminum stubs and sputtered with gold/palladium (100 s, 50 mA) using a sputtering device (Balzers SCD 050, Balzers, Liechtenstein). SEM was performed with a Stereoscan S360 scanning electron microscope at 20 kV (Cambridge Instruments, Cambridge, United Kingdom). Equal digital SEM micrographs (of 2000× and 5000× magnifications, respectively) were generated for each specimen (Digital Image Processing System, version 2.3.1.0, point electronic GmbH, Halle, Germany).
For the imaging of the cross-sections, enamel slabs embedded into the resin were fixed and cut through the surface with an Isomet® low-speed saw (Buehler, Düsseldorf, Germany). Samples were rinsed in water and dried in air flow. The cross-sections were mounted in the sample holders and sputtered with gold/palladium (100 s, 50 mA) using a sputtering device (Balzers SCD 050, Balzers, Liechtenstein). The subsurface areas in the close proximity to the exposed enamel surface were imaged under the same conditions as applied for the surface imaging (see above).
Statistical data analysis
A total of 104 human molar teeth were used in experiment 1, i.e. 10 enamel samples were eroded for each of eight chosen erosion times plus an additional 24 eroded samples were taken for SEM imaging. A total of 80 human molar teeth were used in experiment 2, where 20 enamel samples were prepared and included in each of four groups ( Fig. 1 ). Statistical data analysis was performed using a nonparametric ANOVA model (F1_LD_F1) 29 and pairwise Wilcoxon rank sum tests with Bonferroni-Holm correction for multiple testing. The level of significance was set at 0.05. The software program R 2.9.11 was used for the statistical data analysis. The main results are presented as box plots with marked outlier points (hollow circles).
Study Design
The present study consisted of two separate experiments, 1 and 2, divided according to the effects of 1. abrasion and measurement angles and 2. remineralization and pellicle layer on the erosion assessment by reflectometer.
In experiment 1, the original polished enamel samples were randomly assigned to eight groups (n ¼ 10∕group) with the corresponding erosion time in acid (0.5, 1, 2, 4, 6, 8, 10, and 15 min). The surface area, surface roughness (R 0 ) and specular reflection intensities (I 0 ) were measured at 45 and 60 deg angles of incidence and reflection in the original polished enamel specimens. Furthermore, erosive challenges (Sec. 2.2.2) were performed for the allocated time durations (0.5, 1, 2, 4, 6, 8, 10, or 15 min), and surface roughness (R e ) as well as specular reflection intensity (I e , 45 deg angles) were measured in the eroded tissues. Then, the same eroded specimens were abraded by tooth brushing (Sec. 2.2.3) and the intensity of the specular reflection was measured again at 45 and 60 deg angles of incidence and reflection (I ae ), followed by the analysis of surface roughness (R ae ). Three additional enamel samples were included in each of eight groups (n ¼ 24 total) and were taken out after erosive challenge for SEM analysis. Hence, a total of 104 teeth were used in experiment 1.
In experiment 2, enamel samples were randomly assigned to four groups. One group of samples was incubated for 1 h in the humidity chamber between demineralization cycles (control group 1, n ¼ 20). Two groups of samples were incubated for 1 h in human pooled saliva (groups 2 and 3, n ¼ 20∕group) between demineralizations. Groups 2 and 3 differed in an additional rinsing step with NaOCl, which was introduced in group 3 to remove the organic protein layer from the enamel surface prior to optical analysis (Fig. 1) . The fourth group was subjected to a 1 h incubation in the mineral solution (group 4, n ¼ 20) having no proteins but the same calcium ion concentration (Ca 2þ ) and similar pH as prepared human saliva. An identical sequence of treatments was applied to each group. The intensity of the specular reflection was measured at 45 deg angles for all sound polished enamel samples prior to acidic demineralizations (I 0 ). Furthermore, all enamel specimens were treated in the remineralization/demineralization cycles (Secs. 2.2.2 and 2.2.4), including measurements of the specular reflection intensity at 45 deg angles after each demineralization step. A total of eight cycles were applied to each enamel sample in every group. All acidic solutions were stored after the erosive challenges for the analysis of calcium release from enamel samples. For clarity of presentation, Fig. 1 shows the scheme of the treatment procedures in experiment 2. Twenty enamel samples were used in demineralization/remineralization cycles in each of four treatment groups; 80 specimens in total.
Results
Experiment 1
A gradual decrease in the specular reflection intensity was measured at 45 deg angles of incidence and reflection in the enamel that was continuously eroded but not abraded (Fig. 3) . In particular, enamel demineralization for 0.5, 1, and 2 min resulted in approximately 35%, 60%, and 83% loss of the original reflection intensity, respectively. The obtained change in the reflection values was in full agreement with the previously published results, 17 demonstrating the good reproducibility of the reflection measurements. Subsequent abrasion of the eroded surfaces led to a significant increase (p < 0.05) in the specular reflection intensities (45 deg angle) at applied erosion times t > 1 min (Fig. 3) . More specifically, an approximate 6% increase of the specular reflection intensity was measured after abrasion of the enamel samples, which were eroded for 1 min in citric acid. Brushing the teeth eroded for 2 to 10 min resulted in the ∼12% rise in the reflection signal compared to the samples that were only eroded (Fig. 3) . Abrasion of the more severely eroded enamel surfaces (t ¼ 15 min) resulted in less of a difference (∼8%) between signals measured after erosive and erosive-abrasive treatments. Comparison of the diffuse reflection intensities from the eroded and abraded eroded enamel samples showed no significant signal differences (p > 0.05) at any of the erosion times. Both types of surfaces, i.e., eroded and abraded eroded samples, showed increase of the diffuse reflection intensities during erosion progression (not presented).
It was concluded in the previous study 17 that the decrease in the specular reflection intensity with erosion progression was mainly related to the increase in the enamel surface roughness. To explain the increase in the signal values after abrasion of the eroded teeth, SEM images were taken from the enamel interfaces after erosion and abrasion. Representative examples of the photographs are shown in Fig. 4 . Here, the typical honeycomb pattern of eroded enamel tissue appeared after continuous demineralization without abrasive treatment [ Fig. 4 Figure 5 shows change of surface roughness in the eroded and abraded eroded enamel samples. A similar tendency to increase in roughness was observed within the first 4 min of erosion in eroded and abraded eroded specimens. However, permanently reduced surface roughness was measured in the samples eroded for ≥6 min and subjected to further abrasion compared to enamel surfaces that were only eroded (Fig. 5) .
Measurements of the same abraded eroded teeth but at 60 deg angles of incidence and reflection revealed a less prominent decrease in the specular reflection intensity than the values obtained in the analysis at a 45 deg angle (Fig. 6 ). An approximately 20% reduction in the specular reflection intensity was detected after the first 0.5 min of enamel erosion by utilizing a 60 deg angle of incidence and reflection (1.7 times less signal change than that obtained with the 45 deg angle setup). Statistical data analysis revealed significant differences between the reflection signals measured at 45 and 60 deg angles (p < 0.05) at erosion times ≥1 min.
Experiment 2
Figure 7(a) shows a decrease in the specular reflection intensity as a function of the applied erosion time during continuous remineralization/demineralization cycles. Similar intensity values of around 62% to 66% and 40% to 44% were detected in all groups after a total of 1 and 2 min of erosion, respectively (p > 0.05, Table 1 ). Further remineralization/demineralization cycles (t ≥ 3 min) resulted in statistically significant differences (p < 0.05, Table 1 ) between reflection intensities measured in groups 1 and 2, 2 and 4, and 2 and 3. It can be seen that the reflection intensities in the enamel tissues remineralized in human saliva (group 2) were approximately 20% higher than in the enamel samples remineralized in a mineral solution [ Fig. 7(a), group 4] . It was also significantly higher (p < 0.05) than the reflection intensities measured in group 3, where the same remineralization in human saliva was applied but the salivary pellicle layer was removed from the enamel surface prior to the optical analysis. After an erosion duration of 3 to 5 min, an approximately 14% difference in the specular reflection intensity was found between groups 2 and 3, whereas an approximately 22% higher signal intensity was obtained in group 2 after 8 min of erosion ( Table 2 ). Despite the pellicle removal, the measured reflection intensities at erosion times 6, 7, and 8 min were significantly higher (p < 0.05) in group 3 than in the enamel samples remineralized in the mineral solution (groups 3∕4, Table 1 ). Over the course of the experiment, the remineralization of eroded enamel in a mineral solution (group 4) did not affect the reflection signal relative to the control group (group 1) where no remineralization was carried out (p > 0.05, Table 1 ). A saturation of the reflection signal was observed at late erosion times [ Fig. 7(a) ] in all groups, similar to the previously published results. 17 Analysis of calcium ion release from enamel tissues after demineralization cycles was used as a well-accepted method for the assessment of erosion progression. 25, 30 In contrast to the reflection analysis, no statistically significant differences were found in calcium dissolution among all groups at all applied erosion times [ Fig. 7(b) ] except enamel samples remineralized in human saliva (group 2) and mineral solution (group 4) after a total of 8 min of erosion (Table 3) . Moreover, approximately 29 nmol∕mm 2 and 22 nmol∕mm 2 of calcium release was measured in groups 2 and 4, respectively, after the entire demineralization period [8 min, Fig. 7(b) ].
Discussion
Assessment of Erosion Progression by Reflection Analysis of the Abraded Eroded Teeth
It is known that demineralized enamel tissue is more susceptible to mechanical abrasion than sound enamel. 4 Therefore, it was hypothesized that the optical diagnostics of dental erosion by the proposed technique could be affected by different degrees of tooth abrasion. The degree of abrasion of demineralized teeth, in turn, depends on the applied force, 31 filament stiffness and end-rounding of the toothbrush, 32 abrasive properties of the dentifrice, 32 brushing frequency and number of applied strokes, and demineralization extent of the enamel. 33 Because patients suffering from erosive tooth wear are usually recommended to use toothbrushes with relatively soft filaments, 34, 35 soft brushes (Trisa Ultra®) with a load of 200 g 36, 37 and 20 strikes were applied in the present study for the abrasive treatment. No dentifrice or slurry was used in experiment 1 to avoid side remineralization effects by the components of dentifrice (Ca 2þ , F − , phosphates, etc). It has been shown previously that the brushing of softened enamel induced tissue wear even without application of a dentifrice. 38 Brushing of the softened enamel samples eroded for less than 1 min did not significantly affect the reflection intensity (Fig. 3) or relative surface roughness (Fig. 5) . The obtained results correlated well with the general observation of a minor brushing impact on the sound and slightly softened enamel. 39, 40 However, abrasion of the more eroded enamel tissues (t ¼ 2 to 10 min, Fig. 3 ) resulted in the increased reflection signals. The increase in the specular reflection intensity correlated with the decreased enamel surface roughness after abrasive treatment, as was shown by SEM (Fig. 4) and confocal sensor analyses (Fig. 5) . At the same time, the abrasion contribution to the reflection signal at t ¼ 4 to 10 min was similar for all samples regardless of the erosion duration, i.e. 4, 6, 8, or 10 min. It was shown in the previous study 17 that erosion of the enamel samples for a total of 2 min caused only tissue softening but no substance loss, while further etching (t > 2 min) resulted in the second phase of dental erosion, i.e. erosive tooth wear. Since similar erosive conditions and preparation of human molars were used in the current experiment, the observed difference in susceptibility of eroded enamel to tooth brushing could be related to the particular phase of dental erosion. Due to the multilayer hierarchical structure of enamel 41, 42 and different orientation of enamel rods, 43 the dissolution rate of the composing crystals differs. 44 Hence, the surface etching and roughening occurs heterogeneously, resulting in the formation of the softened tissue layer and characteristic eroded pattern on the surface. 43 As soon as roughening took place, the intensity of the specular reflection started to decrease. Nevertheless, the remaining tissue hardness after 0.5 to 1 min of etching was, most probably, still high enough to resist the abrasive effect. 39 This suggestion could explain similar intensities of the specular reflection measured in eroded and abraded eroded teeth at erosion times 0.5 to 1 min.
As acid etching continued (t > 2 min), elimination of the uppermost enamel layers gradually started resulting in tissue loss. However, there are always softened layers present underneath the etched surface 43 and the so-called "softening depth" 45 of this layer remains constant during prolonged demineralization times. 39 The latter means that a similar amount of the softened enamel would be mechanically removed under identical tooth brushing conditions after each following demineralization step. As a result, deeper enamel layers should be exposed after abrasion of the eroded samples, having comparable remaining surface roughness. Indeed, similar roughness was measured on the abraded eroded enamel at erosion times 4 to 10 min (Fig. 5) . For the same abraded eroded samples, the signal of the specular reflection intensity was almost constant (Fig. 3) . Abrasion of the enamel specimens eroded for 15 min reduced their surface roughness (Fig. 5) , which was immediately detected by the increased specular reflection signal (Fig. 3) . A less dense demineralized enamel tissue could be observed near the interface in the cross-sections of abraded eroded samples [ Fig. 4(f-2) ] as well as in the eroded enamel [ Fig. 4(c-2) ]. This altered subsurface (<10 μm) could correspond to the softened and/or transition part of the enamel, though the thickness of the softened enamel layer is typically between 0.2 and 3.0 μm. 46 The presence of this demineralized enamel subsurface could also affect the reflection signal in both eroded and abraded eroded samples. However, it is difficult to differentiate between the roughening effect of the enamel interface and the contribution of the modified subsurface to the overall change of the reflection intensity. Due to different orientation of enamel rods, 43 tilt of the embedded enamel slabs within the resin and smearing effect of the sawing procedure, the demineralized subsurface was only partially visible in the cross-sections of some of the samples. Therefore, the reliable thickness estimation of this layer could not be performed. Probably, fracturing of the samples would allow a better imaging of subsurface areas.
There was no statistically significant difference (p > 0.05) between increase of the diffuse reflection signals with erosion time detected in eroded and abraded eroded enamel samples. The low sensitivity of the diffuse reflection analysis for in vitro erosion assessment was found in the former study 17 and was mentioned in another publication as well. 10 
Comparison of the Optical Measurements of Abraded Eroded Enamel at 45 and 60 deg Angles of Incidence and Reflection
A lack of sensitivity of the reflection signal to the erosion progression at late stages 17 is one of the disadvantages of the current optical setup. Although applied in vitro erosive conditions typically exaggerate in vivo demineralization effects, different possibilities for measurement improvement were considered. A change in the measurement angle (angles of incidence and reflection) was one of them. Obviously, an increase of the angle from 45 to 60 deg did not improve the assessment of late erosion stages (Fig. 6 ). Similar signal saturation was observed at erosion times above 4 min as in the case of measurements at a 45 deg angle; therefore, all further experiments were performed using 45 deg angles (see experiment 2).
Optical Erosion Analysis in Enamel Samples
Incubated with Human Saliva
The permanent presence of salivary flow in the mouth and, as a result, natural remineralization of teeth was another factor to be considered in clinical application. To gain first knowledge about this effect on the reflection intensity, human saliva was collected from several donors, and the enamel samples were incubated in pooled saliva after each demineralization treatment (groups 2 and 3, Fig. 1 ). Significantly higher reflection intensities were measured in group 2 (incubation in saliva) compared to the control group 1 at erosion times 4 to 8 min [ Fig. 7(a) ]. Since the reflection signal is mostly determined by the interfacial roughness, higher reflection intensities during erosion progression in group 2 indicated smoother surfaces of the eroded enamel than in control group 1. Reduced surface roughness could derive from the higher enamel resistance to acidic dissolution in group 2 (erosion inhibition) compared to group 1. The inhibition of dental erosion is typically detected by the reduced rate of calcium release from enamel tissue into acidic solutions. However, no significant differences were found between rates of calcium dissolution in control group 1 and group 2, indicating similar erosion progression in these groups [ Fig. 7(b) ]. It should be mentioned that the results of calcium analysis in group 2 must be considered with caution. Calcium ions are among the components of the pellicle layer; they are present in human saliva and are chelated by salivary proteins. 47 Furthermore, it is known that the pellicle layer can be partially removed from the tooth surface during acid-induced demineralization, 48 thus the components of the pellicle layer appear in the acidic solutions. The analysis of calcium concentrations in the acidic solution provides the total calcium content, where some of the calcium ions were released by the demineralized enamel tissue, but some of them could have originated from the detached salivary pellicle layer. To clarify the effect of the human saliva on the reflection signals in group 2, the measurement results were compared with the ones obtained in group 4, where enamel samples were incubated in the mineral solution containing no proteins but similar pH and Ca∕P ratio as applied human saliva. The term "remineralization" is used here based on the published reports about the remineralizing effect of human saliva 49, 50 and artificial saliva, 51, 52 a solution containing different mineral salts (Ca 2þ , Mg 2þ , K þ , phosphates, buffers), 51 and sometimes also mucin or caboxymethylcellulose.
52-55
Analysis of the Erosion Progression Among Enamel Specimens Remineralized in the Mineral Solution
No significant difference in the specular reflection intensities was detected at each of the erosion times among enamel samples treated in a mineral solution (group 4) and control group 1 [ Fig. 7(a) ]. Also, similar calcium dissolution rates were measured in these groups [ Fig. 7(b) ]. Most likely, the applied mineral solution did not provide detectable remineralization of the eroded enamel tissues. It can only be speculated that the incubation of the eroded enamel in the mineral solution induced certain ion uptake and nucleation inside the demineralized zone of the tissue; however, the crystal lattice of the hydroxyapatite could not be repaired and thus the additional acid resistance was not gained. Since erosion inhibition did not take place, the signals of the specular reflection intensity remained the same in groups 1 and 4. Considering the similar calcium release in groups 1, 2, and 4 and no detectable remineralizing effect of the mineral solution that had similar calcium content, Ca∕P ratio and pH to the applied saliva pool, the remineralization effect of the human saliva providing a 12% increase in the specular reflection intensity was not obvious. The finding of the present experiment contradicted previous studies where partial re-hardening and decrease of the mineral loss in the eroded enamel were reported after exposure to human saliva 48 or remineralization solution. 56, 57 However, the obtained results were in agreement with the study of Garberoglio and Cozzani 58 who reported no surface change of etched enamel even after 90 days of intraoral exposure. It must be mentioned that the composition of the mineral solution applied in the present study was based on those present in prepared human saliva. More specifically, the calcium concentration (1.25 mM) was adjusted to the applied saliva pool and the Ca∕P molar ratio of 0.23 (Sec. 2.1.4) was within the same range as stimulated human saliva (0.2 to 0.3 59, 60 ). Previous studies, 47, 48, 61 however, employed remineralization solutions with higher Ca∕P ratios, longer remineralization times, stronger etching procedures, and different temperature and wetting/drying conditions. Furthermore, fluoride was often added into the remineralization solution at higher concentrations than those found in human saliva (0.022 ppm) 49 because its profound effect on the enamel remineralization is well-established in the field. 34, 61, 62 It could be possible that the application of the more efficient remineralizing agents such as higher concentrations of fluoride and metal compounds (Sn 2þ , Ti 2þ ) 63 would result in the detection of erosion inhibition by reflection analysis.
Effect of the Salivary Pellicle Layer on the Reflection Signal and Elimination of the Measurement Artifact
Once it was found that the inhibition of enamel erosion by remineralization in human saliva did not take place, the contribution of the salivary pellicle layer to the high reflection intensities was considered in group 2. Salivary pellicle is a 30 to 100 nm 64, 65 thin layer, which is mostly composed of salivary (glyco)proteins, carbohydrates and lipids 66, 67 and possesses several functional properties such as lubrication of teeth, 66, 67 their shielding from direct contact with acid, [67] [68] [69] [70] and targeting the adhesion of oral bacteria. 71, 72 To check the effect of the pellicle layer on the measured reflection intensities, another group was introduced into the study design where the salivary pellicle was removed prior to the optical analysis (see group 3, Fig. 1 ). This group was introduced after the preliminary test experiments, therefore all four groups were studied in parallel during the main study course.
In sound enamel, it has been shown that the complete removal of the pellicle layer was possible only by the combination of severe surface etching (0.6 M HCl) with ultrasonication. 48 Other approaches, such as mechanical surface scraping 73, 74 or incubation in EDTA, and different salt solutions were inefficient for complete elimination of the pellicle film. 48 For example, application of 3% NaOCl without ultrasonication resulted in the removal of the outer globular pellicle sublayer, 48 though the basal layer resisted this treatment. It must be mentioned that the basal pellicle layer on the sound enamel is known to be highly resistant to chemo-mechanical challenges. 48, 75 Moreover, the present authors' results from preliminary test experiments (not presented) showed a light etching effect of EDTA and sodium dodecyl sulfate on the sound enamel, therefore these chemicals could not be applied in the current study.
In the case of eroded enamel, the complete removal of the pellicle layer might be an even more difficult task due to a higher total surface area and increased porosity of the etched tissue. 76 Additionally, softened eroded enamel can be easily altered by mechanical forces or ultrasonication, 77 therefore such treatments could not be considered. In general, there is a lack of information in the literature about the nondestructive elimination of the salivary pellicle from the eroded enamel surface. Meurman and Frank 78 reported cleaning the eroded enamel surface from an in vitro formed pellicle layer by using a 10% NaOCl solution (20 h ), but the efficiency of this method was not estimated. Moreover, it was shown that even a three-day exposure to 13% NaOCl did not affect the nanomechanical properties or the demineralization kinetics of enamel samples. 39 On the other hand, 3% NaOCl is widely used in daily dental practice for disinfection and deactivation of prions, thus its clinical application requires no additional toxicological assessment. Moreover, 3% NaOCl solution is often applied for the cleaning of root canals. The present authors' preliminary tests (unpublished data) revealed that the incubation of in vitro pellicle-coated enamel in 3% NaOCl solution for 30 s, 2 and 5 min resulted Table 3 Analysis of the statistically significant differences between amounts of calcium ions released from the enamel tissues in treatment groups (experiment 2) at different total erosion times. Significant differences (p < 0.05) are marked with "*". in the same efficiency of pellicle layer removal and provided no surface etching effect. Therefore, an aqueous NaOCl (3%; 30 s) was applied in group 3 for the removal of the salivary pellicle layer. The contribution of the soft protein layer to the reflection signal was detected. There were significantly lower intensity signals at 3 to 8 min of erosion (p < 0.05) in the eroded enamel samples measured after the removal of the pellicle layer than in the samples where it remained during the reflection analysis [see groups 2, 3, Fig. 7(a) , and Table 1 ). Since 3% aqueous NaOCl solution does not etch enamel tissue, higher reflection values in group 2 indicated smoothing of the enamel surfaces by the soft deposited salivary pellicle layer. This process is schematically presented in Fig. 8 . Here, salivary proteins adhere to the eroded enamel surface and fill the etched tissue lesions, reducing the overall surface roughness. A similar process was observed by transmission electron microscopy of the pellicle layer on the eroded enamel. 79 Furthermore, the optical measurements addressed the overall surface roughness, thus, the received signal corresponded to the roughness of the pellicle layer but not the actual eroded enamel tissue underneath, resulting in the measurement artifact.
Significantly higher reflection intensities (p < 0.05) were measured in the enamel samples with the pellicle layer removed (group 3) than those treated in the mineral solution (group 4) at 7 to 8 min of erosion (groups 3∕4, Table 1 ). It is possible that complete elimination of the pellicle artifact on the reflection signal was not achieved and that the basal pellicle remained on the etched surfaces at late erosion times (7 to 8 min). This suggestion is supported by the identical calcium release (p > 0.5, Table 3 ) in groups 3 and 4 at erosion times 7 to 8 min and is in agreement with previous observations. 48 Nevertheless, the achieved results clearly showed a fast decrease of the specular reflection intensity in group 3 as a function of the applied erosion time [ Fig. 7(a) ]. The latter indicated that the pellicle artifact can be sufficiently minimized from the measurements and the proposed technique can be considered for the in vivo erosion diagnostics. Quick cleaning of the tooth surface by, for example, a cotton stick wetted in 3% NaOCl would be required prior to measurement.
Obviously, the contribution of the pellicle layer to the increased reflection signal varied with different erosion times ( Table 2) . It seemed that a certain accumulation effect took place, where the amount of the adhered salivary proteins depended on the enamel roughness. In relation to this finding, it might be suggested that a reduced effect of the pellicle layer on the reflection signal could be expected in abraded eroded enamel tissue as abrasion decreased the roughness of the eroded enamel.
Clinical Relevance of the Study and Further Considerations
It should be emphasized that the applied in vitro erosive conditions typically cause a higher degree of enamel wear and demineralization than conditions in the oral cavity. 80 Most likely, a less prominent decrease in the reflection intensity could be expected in the in vivo application of the method. Moreover, polished enamel samples with flat interfaces were used in the present study, whereas native enamel surfaces with an aprismatic outer layer are known to be more resistant to demineralization 81, 82 and might result in decreased specular reflection intensity due to uneven interfaces. On the other hand, the native enamel is no longer present when the patient has dental erosion. The effect of enamel hydration and natural tooth color on the reflection intensity could be minimized by choosing the reference area in a close proximity to the region of interest. The presented study was an intermediate step from the in vitro method validation toward in vivo erosion diagnostics.
The illumination of the erosive enamel tissue with visible light (400 to 800 nm) could be also explored for the visual erosion diagnosis. A similar approach was proposed for the detection of the white spot caries lesions 83, 84 where loss of the tooth mineral during demineralization causes higher light scattering from the affected areas. Because scattering is highly wavelength sensitive, shorter visible wavelengths of light could be of particular interest for the erosion illumination. However, it is not clear if the early erosion can be detected and quantified using visible illumination. Moreover, adequate software for the image analysis and quantification would be required to avoid subjective conclusions.
Conclusions
Abrasion of the eroded teeth resulted in the partial removal of the softened enamel tissue and an increase in the specular reflection intensity due to smoothing of the etched enamel surfaces. Nevertheless, an exponential change in the reflection signal with erosion progression was measured on the eroded and abraded samples, indicating that the proposed optical method can be further applied for the erosion assessment of the abraded flat surfaces in situ or even in vivo. Increasing the measurement angle (angles of reflection and incidence) from 45 to 60 deg caused an overall increase in the detected specular reflection signal but did not change the signal saturation at late erosion stages. The presence of the salivary pellicle layer on the enamel surface induced a measurement artifact, which increased with the increasing etching degree of the enamel. Removal of the salivary pellicle by rinsing the surface in 3% aqueous NaOCl is necessary prior to the reflection measurements. Furthermore, it remains unclear if the monitoring of the enamel remineralization in demineralization/remineralization cycles is possible with the proposed optical technique as the application of the mineral remineralizing solution did not result in the detection of the improved enamel resistance to erosion.
